ABSTRACT
Conventionally, airdata measurements are performed using intrusive booms that extend beyond the local flow field. These booms measure airmass velocities and incidence angles by direct stagnation of the flow using a pitot tube I and mechanical vanes. Although excellent at making steady measurements at low-to-moderate angles of attack, booms are sensitive to vibration and alignment error and are susceptible to damage in flight and on the ground. Airdata measurements have typically been used for research analyses and gain scheduling for flight control systems, but modem multivariable flight control architectures are requiring that airdata be used more extensively for direct flight control or outer-loop guidance. Inother applications, such ashypersonic aircraft, thehostility of thehypersonic environment mandates theuseof nonintrusive airdata systems. Onstealth vehicles where a minimal radar crosssection is required, suchastheB-2 bomber or theF-22fighter, conventional intrusive systems arehighlyvisible. Eliminating these systems fromthebasic vehicle design isdesirable.
Theflushairdata sensing (FADS) system concept was developed asa means of circumventing many of theaforementioned difficulties withintrusive airdata systems. Using thisconcept, airdata areinferred fromnonintrusive surface pressure measurements. Theoriginal system prototype was developed fortheX-15program andused a hemispherical nosethatwasactively steered intothelocal relative wind vectorto measure stagnation pressure andflowincidence angles) Themechanical design ofthissystem wasextremely complicated, andthesteered-nose concept wasabandoned after theX-15program ended.
Amore modern approach, theshuttle entry airdata system, was developed attheNASALangley Research Center forthe space shuttle program. 4Thisapproach used amatrix offixed static-pressure measurements andnomechanical actuation of thenosewasrequired. Theshuttle entryairdata system technique laterwasadapted toaeronautical applications, and several demonstration programs were performed intheearly 1980s attheNASA Dryden Flight Research Center. 5, 6 Forthese earlyprograms, measurement andpresentation of individual pressure coefficient data and their empirical relationships to the airdata parameters were emphasized. These tests verified the feasibility of the fixed-orifice concept but did not attempt to derive algorithms for estimating the airdata from the pressure measurements.
A more advanced program, the high-angle-of-attack flush airdata sensing (HI-FADS) system, was developed and has recently concluded flight testing at NASA Dryden. THE REAL-TIME FLUSH AIRDATA SENSING SYSTEM HARDWARE Figure 1 shows a basic system overview. The various hardware components, including the flight test radome, the RT-FADS pressure port matrix, and the measurement transducers, are described in the following subsections.
The Airborne
Research Test System (ARTS) computer used to perform the data logging, onboard computations, and interface to the research instrumentation system is also described.
Radome Configuration
The transducers and the electrical interface unit are mounted on a palette in the SRA radome. The radome for the RT-FADS system is a preproduction sheet metal unit with the flight test noseboom removed that is canted downward at 
RT-FADS

Measurement Transducers
Flush Airdata Sensing/Airborne Research Test System Interface
As previously mentioned, the RT-FADS algorithm is loaded into the modified RT-FADS slave processor from the NVRAM and communicates with the SC processor through the ARTS backplane. When the algorithm is booted, the first function performed is the transducer reset. This function tells the transducers to read and load their hard-wired addresses into memory and to prepare to start delivering data. Next, the transducers are polled sequentially until an entire initial pressure data set is received, and the startup condition is estimated.
When the algorithm has successfully been initialized, the 
Aerodynamics Model
A pressure model is used to relate the pressure measurements to airdata quantities. The model prescribes measured pressure in terms of four airdata parameters: dynamic pressure, qc ; angle of attack, ct ; angle of sideslip, _ ; and static pressure, P.o. Using these four basic parameters, most other airdata quantities of interest may be directly calculated. As previously reported, 4 the measured pressure data at the n th pressure port is related to the desired airdata parameters by the simple model
In equation (1), On is the flow incidence angle between the surface at the nth port and the velocity vector, e is an aerodynamic calibration parameter that must be empirically determined and represents the "static source error" of the system caused by the presence of the aircraft afterbody and the supersonic bow shock wave. This static source error calibration parameter is analogous to the classic "position error"
calibration that must be identified for probe-based systems.
The incidence angle is related to the local angle of attack and angle of sideslip by
The parameters ct and [3 are local flow angles whose values are influenced by the aircraft-induced wash. Their relationships to the free-stream values must also be calibrated.
Values for the calibration parameters are presented in the "Flight Test Results" section.
Nonlinear Regression Algorithm
Because the aerodynamic model is nonlinear and cannot be directly inverted to allow calculation of airdata as a function of the measured pressures, the measurements must be used to indirectly infer the airdata state using a nonlinear least-squares regression.
Within each computational cycle, the algorithm is linearized about a starting airdata value for each port location as follows: 
This overdetermined system of perturbation equations is solved using the weighted least-squares technique.l°As discussed later in the redundancy management module description, the weighted least-squares technique allows failed or erroneous sensor readings to be eliminated from the estimation algorithm.
At the end of least-squares regression, the resulting perturbation is added to the starting value and the system is relinearized about the resulting update. The iteration is repeated until algorithm convergence is reached--typically in 2 cycles, but as many as 8 cycles 
Algorithm Startup Module
Because the algorithm computations are recursivethat is, the computations of each computational cycle rely on the results of the previous computational cyclea reliable means of starting the algorithm computations must be used•
The startup algorithm for the RT-FADS is extremely simple but very effective. When the startup algorithm is triggered, the transducers are polled and an initial pressure data set is obtained. This data set is the target pressure set. Starting at a known set of airdata conditions corresponding to a nominal cruise flight con&laon, the corresponding pressure set is evaluated using the aerodynamic model. The predicted data set is then linearly perturbed toward the measured data set by some small amount (currently set at 1 percent of the distance between the target set and the starting pressure set).
Using the perturbed value, a new estimate of the airdata state is evaluated using a single cycle of the RT-FADS * These data are user-selectablewith a default of Mach 0.50, an altitude of 20,000 ft, and 0°true Ot and 13. regression algorithm. A new perturbed pressure prediction is evaluated and the iteration is repeated again until the maximum number of iterations (100) have been performed. At that point, the startup algorithm is exited and the RT-FADS computational cycle is begun using the resulting airdata estimate to perform the initial linearization. The startup algorithm is called each time power to the ARTS is cycled or when a manual reset is performed.
The startup algorithm typically takes approximately 2 sec to complete.
Algorithm Convergence Issues
In general, the RT-FADS algorithm converges rapidly;
however 
Sensor Failure Instabilities
Algorithm Convergence and Fault Detection Using the
Normalized
Sum of Squared Residuals Criterion
At the end of each iteration, comparison of this sample X2 variable with percentage points of X2 distribution gives a reliable statistical test of whether the algorithm converged. Because X2 is a relative probability indicator, a small value of Z2 corresponding to high probability in the tables indicates that convergence is likely. A large _2 value corresponding to a low probability in the tables indicates that convergence is unlikely.
Because of its quantitative indication of convergence probabilities, the _2 of the residuals is used as the convergence criterion for the algorithm.
When the 90-percent residual confidence level is reached for a particular degree of freedom, then convergence is implicit and one additional iteration is performed.
Redundancy
Management and Fault-Tolerant
Processing Options When a sensor is polled, timing watchdogs are set to ensure that a response is received within a preset time period.
If a correct response has occurred in the preset period, then the measurement weight is set to 1, the watchdog is reset, and the next sensor in the sequence is polled. If a watchdog times out for 100 consecutive computational cycles, then the transducer is considered to have permanently failed and is weighted out of the algorithm. This transducer will no longer be polled until the ARTS power is cycled or a manual reset is performed. When a data reading has been successfully collected, a check is performed to determine that the pressure reading is within a preset reasonableness bound given by 100 lbf/ft 2 < _Pn < 2250 lbf/ft 2, n = 1... 11. At Moo = 0, the theoretical value of E for a blunt body in uniform flow 14 is 0.25, which is close to the empirically determined value of approximately 0.262. At large supersonic and hypersonic Much numbers, the theoretical value of predicted by modified Newtonian flow 15 is zero, which is the inclination of e shown in figure 9(a) . Data for pitot-static systems 16 substantiate the trends with incidence angle shown in figures 9(a) and 9(c). Based on these agreements with other theoretically or empirically derived results, the empirically derived trends for e appear to be physically reasonable.
Evaluation of Code Stability and Fault-Tolerance Methods
During the early phases of the RT-FADS flight tests, electromagnetic interference from the aircraft forward transmitter caused erroneously low readings in several of the RT- -t The exact cause of this interference was never identified, but the problem was eventually remedied by disconnecting the forward transmitter. Both angle-of-attack traces are similar to 33°or., the limit of the ADC Flight calibrations were performed using reference airdata values generated using data sources that include the ship system inertial navigation system, radar-tracking velocity and position data, and rawinsonde weather balloon sounding data. The calibration parameters were estimated by substitut- 
